Abstract. Egg loss from ovigerous females has hampered larval culture experiments for life history studies of the coconut crab Birgus latro. We conducted two preliminary experiments to develop a method to artificially incubate and hatch embryos separated from the mother: 1) manipulation of incubation duration in a pseudo-terrestrial environment and 2) manipulation of incubation temperature. In experiment 1, we incubated embryos on medical gauze moistened with seawater for 7 or 17 days at 27-28°C before incubation by immersion in seawater (27-28°C), or we continuously incubated them in seawater only. In experiment 2, we similarly incubated embryos on medical gauze until 1-2 days before hatching at 21-22°C, 24.5-25.5°C, or 27-28°C before incubation in seawater (27-28°C). Successful hatching occurred, but embryos did not hatch synchronously, and hatching continued for approximately a week. Incubating embryos in seawater continuously led to the highest hatching rates of morphologically normal zoeae; however, hatching rates of normal zoeae did not exceed 50%. Increased incubation temperature reduced the incubation duration until hatching. Zoeae could metamorphose into megalopae, but survival rates were generally low. Further studies are required to improve the hatching rate of viable larvae under artificial conditions.
Introduction
The coconut crab Birgus latro (Linnaeus, 1767) is a terrestrial hermit crab belonging to the family Coenobitidae Dana, 1851 (McLaughlin et al., 2010) . It is widely distributed on subtropical and tropical islets and atolls as well as islands throughout the IndoPacific region (Hartnoll, 1988; Drew et al., 2010) . This crab is the largest terrestrial arthropod, weighing up to 4 kg, and can easily be captured by hand . Given these traits, the coconut crab has been exploited for human consumption throughout its distribution range. Its populations have been severely depleted on most inhabited islands by commercial overharvesting and by habitat degradation, exacerbated by its biological and ecological characteristics, such as a slow growth rate and a lifespan of more than 40 years (Amesbury, 1980; Fletcher, 1993; Drew et al., 2013; Sato et al. 2013; Oka et al., 2015) .
As a basis to developing an in-situ conservation strategy for coconut crab populations, we studied the ecology of early life stages under laboratory conditions (Hamasaki et al., 2011 (Hamasaki et al., , 2015a . We also developed artificial propagation technologies to produce juveniles for supplemental breeding programs (Allendorf et Crustacean Research 48 al., 2013) that aimed to enhance and/or conserve depleted wild coconut crab populations (Hamasaki et al., 2009 (Hamasaki et al., , 2014 . To obtain newly hatched larvae of the coconut crab for laboratory experiments, we collected wild ovigerous females and cultured them individually in tanks in the laboratory. However, we often found detached egg masses on the tank bottom and/or filial cannibalism of eggs by the mother probably due to stress during and/or after transfer to the laboratory, resulting in complete egg loss prior to hatching. This occasionally hindered the progress of our laboratory studies. Therefore, developing artificial incubation techniques would help us conduct larval culture experiments and study this organism s biology.
In decapod crustacean species, the artificial incubation of embryos separated from the mother was successfully conducted until hatching occurred by keeping embryos in culture media, such as freshwater and seawater (Costlow & Bookhout, 1960; Balasundaram & Pandian, 1981; Nakata et al., 2004; Ituarte et al., 2005; Zeng, 2007) . Furthermore, in our previous study that evaluated the thermal adaptations of embryos of the coconut crab and five land hermit crab species of the genus Coenobita, embryos of each species were successfully cultured in vitro at six different temperatures (18-34°C) in artificial seawater (27 and 34 ppt) and the developmental velocity of embryos increased with increasing temperatures (Hamasaki et al., 2016) . Thus, our previous study demonstrated that coconut crab embryos could develop in seawater and that they exhibited temperature-dependent development. However, we only cultured the embryos until eye pigmentation appeared on the eye placodes, but did not continue until hatching occurred.
In the present study, to develop an artificial incubation methodology for embryos separated from ovigerous females of the coconut crab, we conducted two preliminary experiments to evaluate the feasibility of in vitro embryo incubation until hatching occurs, and of controlling the incubation periods by regulating temperatures. In these experiments, we attempted to incubate embryos outside seawater for variable durations because coconut crab females incubate their eggs terrestrially. Additionally, newly hatched zoeae were cultured until their metamorphosis into megalopae to examine the viability of artificially hatched zoeae.
Materials and Methods

Ovigerous female
An ovigerous female coconut crab (37 mm thoracic length) was captured by hand at night on June 3, 2016 on Hatomajima Island (24°28′ N, 123°49′E), Okinawa Prefecture, southern Japan. The crab was transferred to the laboratory at Tokyo University of Marine Science and Technology, where the air temperature was maintained at 27-28°C, which was equivalent to the environmental temperature during the reproductive season in the coconut crab s natural habitat. The crab was kept in a plastic container (75-l volume) covered with a plastic top containing an air vent ( 30 mm diameter) and fed daily with artificial diet (hill myna food, Nippon Pet Food Co. Ltd., Tokyo, Japan). The bottom of the container contained towels moistened with freshwater to maintain high humidity. Embryos used for in vitro incubation experiments could be separated from the female (see below); however, thereafter, the female lost her entire egg mass.
Embryo growth index
Embryonic development was quantified by an embryonic growth index (EGI) measured as the relative area of the embryonic body versus the total embryo surface in a lateral view of the egg according to the method of Hamasaki (1996) . When we observed embryos, a small cluster of 10 eggs was removed from the outer margin of the egg mass of an ovigerous female or from the incubation containers (see
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below), placed on a glass slide in artificial seawater (34 ppt salinity) (Sealife, Marinetech Co. Ltd., Tokyo, Japan) under a stereomicroscope, and lateral views of five eggs were photographed with a digital camera (Nikon Digital Sight, Nikon Co. Ltd., Tokyo, Japan). The areas of the embryonic body (EA) and yolk mass (YA) were determined from the digital photographs using an image analyzing system (NISElements Software, Nikon) and the EGI was calculated as EA/(EA YA) 10 2 .
In vitro embryo incubation experiments
Coconut crab embryos could develop in seawater (Hamasaki et al., 2016) . However, it is not known whether coconut crab embryos develop outside seawater under laboratory conditions. Therefore, in experiment 1, to evaluate the feasibility of embryo incubation in a pseudo-terrestrial environment, we attempted to incubate embryos outside seawater for two designated durations before incubation by immersion in seawater, and hatching performance of these embryos were compared with that of embryos incubated continuously in seawater. We confirmed that coconut crab embryos could develop in a pseudo-terrestrial environment in experiment 1. Therefore, in experiment 2, to evaluate the feasibility of controlling the incubation periods of embryos until hatching occurs by regulating temperatures in a pseudoterrestrial environment, embryos were incubated outside seawater at three temperature levels until hatching would occur within 1-2 days; then, embryos were transferred and incubated in seawater for hatching.
In experiment 1, three treatment groups (T1, T2, and T3) were prepared. At the beginning of the experiment, early-stage embryos (mean standard deviation (s.d.) of EGI, 13.4 1.1%; Fig. S1A ) were carefully removed from an ovigerous female using small forceps on July 9 (see Fig. S1 in the electronic supplementary material for photographs of embryos). They were placed in a plastic dish with artificial seawater (34 ppt), and small clusters of 10 embryos were separated carefully with small dissecting needles. In the T1 group, 100 embryos were incubated in each of three glass flasks (Marine Flask, Bio Medical Science Co. Ltd., Tokyo, Japan; see supplementary Fig. S2 for a photograph of the flask) containing 300 ml artificial seawater (34 ppt). In the present study, dihydrostreptomycin sulfate (FUJIFILM Wako Pure Chemicals Co. Ltd., Osaka, Japan) was added to the artificial seawater at 10 ppm to prevent bacterial attachment on the embryos. Glass flasks were placed in a water bath maintained at 27-28°C in the laboratory (approximately 14-h light: 10-h dark cycle). Aeration into the incubatory flask was arbitrarily adjusted to disperse the clusters of embryos in the seawater. Embryos were observed under a stereomicroscope and seawater in the flasks was carefully replaced using a pipette daily in the morning. In the T2 and T3 groups, three plastic containers (158 231 mm, 81 mm deep) were stocked with 500 embryos each without being immersed in seawater. The bottom of the incubatory container was covered with two layers of medical gauze sheets (300 160 mm) moistened with 100 ml artificial seawater (34 ppt) and embryos were placed on the gauze. The gauze was not renewed and not received with additional seawater during the incubation period. The container was sealed with a plastic lid. Plastic containers were placed in temperature-controlled incubation chambers (MT1-201, Tokyo Rikakikai Co. Ltd., Tokyo, Japan) (27-28°C and 14-h light: 10-h dark cycle). After embryos were incubated for 7 days (T2 group) or 17 days (T3 group), all embryos survived while exhibiting a transparent body and grew to EGI values of 29.3 2.0% (Fig. S1B ) and 59.6 2.6% (Fig. S1C) , respectively, and 100 embryos from each of the three containers were then transferred for incubation into separate glass flasks containing seawater as described for the T1 group. Three glass flasks (three replicates) were used for both T2 and T3 groups.
In experiment 2, 500 embryos with an EGI value of 49.2 1.8% (Fig. S1D) were separated from an ovigerous female on June 21 and placed on medical gauze moistened with 100 ml seawater in each of nine containers as in the T2 and T3 groups of experiment 1. Then, the nine containers were divided equally into three groups that were incubated in chambers (14-h light:10-h dark cycle) controlled at 21-22°C (T4), 24.5-25.5°C (T5), and 27-28°C (T6). After embryos were incubated for 14, 10, and 8 days in the T4, T5, and T6 groups, respectively, all embryos survived and the EGI values reached 90% (92.4 1.2%) (Fig.  S1E ), indicating that hatching would occur within 1-2 days at 27-28°C (Hamasaki et al., 2016) . At this point, 100 embryos from each of the three containers were incubated in three separate glass flasks per treatment group as in experiment 1 (i.e., a total of three replicates per treatment).
In both experiments, hatching occurred in incubatory flasks and the numbers of abnormal larvae-like prezoeae (see supplementary Fig.  S3A , B) and normal first zoeae (Fig. S3C ) were recorded. The total hatching and normal hatching rates were calculated in each flask as (numbers of abnormal and normal larvae)/ (number of embryos stocked) 10 2 and (number of normal larvae)/(number of embryos stocked) 10 2 , respectively. Hatching was not synchronized and first zoeae hatched for several successive days in both experiments. Abnormal larvae-like prezoeae could not moult to first zoeae. Therefore, first zoeae from three replicated flasks in each treatment group were combined into a separate plastic beaker with 1000 ml artificial seawater (27-28°C, 34 ppt) containing 10 ppm dihydrostreptomycin sulfate on the day that they hatched and reared until metamorphosis into megalopae as described by Hamasaki et al. (2009) . Megalopae were removed from the culture beakers to avoid cannibalism. The number of culture beakers was four for each treatment group (T1-T3) in experiment 1, and four, five, and six for T4, T5, and T6 groups, respectively in experiment 2. The number of larvae stocked in a beaker varied from 1 to 73 (21.4 22.5) and 1-32 (10.7 2.7) individuals in experiments 1 and 2, respectively. The total number of larvae used for respective treatment groups was 154 (T1), 87 (T2), and 16 (T3) individuals in experiment 1, and 26 (T4), 81 (T5), and 53 (T6) individuals in experiment 2. Larvae were fed daily in the morning with Artemia hatched from Utah strain cysts and enriched with a commercial feed containing n-3 highly unsaturated fatty acids (SCP, Chlorella Industry Co. Ltd., Tokyo, Japan) at a volume of 2 individuals of Artemia ml 1 . Larvae were also fed with rotifers of the Brachionus plicatilis species-complex, which were cultured with the phytoplankton Chlorella vulgaris that contained n-3 highly unsaturated fatty acids in its cells (Super Chlorella V12, Chlorella Industry), at a rate of 40 individual rotifers ml 1 . The total length of megalopae was measured according to Hamasaki et al. (2015a) to make a comparison with that previously measured for laboratory-raised megalopae from larvae that had hatched from the mother.
Incubation temperatures and relative humidity were recorded every 10 min using data loggers (Hygrochron, KN Laboratories Co. Ltd., Osaka, Japan) placed in the incubatory containers, and were as follows: T2 and T3: 27.2 0.5°C and 90.4 3.7%; T4: 21.3 0.6°C and 93.3 1.3%; T5: 25.0 0.4°C and 92.3 2.6%; and T6: 27.1 0.7°C and 92.6 1.2%. Similarly, incubation temperatures recorded using data loggers (Thermochron SL, KN Laboratories) in embryo incubation flasks and larval culture beakers were 27.8 0.3°C and 27.8 0.6°C, respectively.
Data analysis
Statistical analyses were performed using the R statistical software (R3.5.0; R Core Team,
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2018) at a 5% significance level. A generalized linear model (GLM) (McCullagh & Nelder, 1989) was applied using the glm function to evaluate the effects of incubation treatment on total and normal hatching rates of embryos and incubation periods until hatching occurred. The numbers of hatched and dead embryos were the two-vector response variable in the GLM with the quasibinomial family (logit link), and the mean number of days until hatching occurred from the initiation of embryo incubation was the response variable in the GLM with a Gaussian family (identity link). The statistical significance of the categorical explanatory variable (treatment) was evaluated with an Ftest using the Anova function (type II) implemented in the car package (Fox & Weisberg, 2011) . The GLM was conducted using the incubation period data of all embryos hatched as abnormal or normal larvae (total hatching) but not conducted using those of embryos hatched as normal larvae (normal hatching) because normal hatching occurred only in one flask in the T3 group in experiment 1. Incidentally, there was a significant correlation between the mean number of incubation days of total hatching and those of normal hatching (Pearson s product moment correlation coefficient (r) 0.970, t 7.948, df 4, p 0.0014). Larval survival until metamorphosis into megalopae was not evaluated statistically due to a lack of replication because zoeae from three replicated flasks in each treatment group were combined and reared by hatching day groups so culture densities differed. Changes of number of larvae reared by hatching day groups are summarized for each treatment group in the supplementary Table S1 . Overall survival rates of larvae were calculated in accordance with larval age (days after hatching) in each treatment group.
Results
Embryo hatching
The hatching of embryos occurred in all treatment groups and lasted for approximately one week from the first embryo hatching until hatching was complete. The frequency distribution of the number of embryos hatched per day was approximately normally distributed (see supplementary Figs. S4 and S5) . In both experiments, embryos developed just before hatching, but unhatched embryos became clouded and eventually died in incubatory flasks.
In experiment 1, the total hatching rate varied nearly statistically significantly among Fig. 1 . Mean hatching rate of the coconut crab Birgus latro embryos incubated in vitro in experiments 1 (A) and 2 (B). In experiment 1, embryos were incubated in seawater continuously (treatment 1, T1), or on medical gauze moistened with seawater for 7 days (T2), or 17 days (T3), before being incubated in flasks with seawater (27-28°C, 34 ppt). In experiment 2, embryos were incubated on medical gauze until 1-2 days before hatching at 21-22°C (T4), 24.5-25.5°C (T5), and 27-28°C (T6), before being incubated in flasks with seawater. The total hatching and normal hatching rates were calculated in each of three replicates as (numbers of abnormal and normal larvae)/(number of embryos stocked) 10 2 and (number of normal larvae)/(number of embryos stocked) 10 2 , respectively. Vertical bars indicate standard deviations of the three replicates. Number of embryos stoked in an incubatory flask was 100 individuals.
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treatment groups (F 4.074, df 2, 6, p 0.0762). Total hatching was highest in the T1 treatment group (mean s.d., 93.3 2.9%), followed by T2 (70.7 18.1%), and lowest in the T3 treatment group (51.3 30.1%) (Fig. 1) . Treatment significantly affected the normal hatching rate (F 6.394, df 2, 6, p 0.0326), with normal hatching being highest in the T1 treatment group (51.3 6.4%), followed by T2 (29.0 21.5%), and lowest in the T3 treatment group (5.3 9.2%). The number of days until hatching varied significantly between 22 and 25 days among treatment groups (F 9.812, df 2, 6, p 0.0128), and it was longest in the T3 group (Fig. 2) .
In experiment 2, the total hatching rate was influenced significantly by treatment (F 7.782, df 2, 6, p 0.0215), and it was lower in T4 (51.0 4.0%) than in T5 (84.3 10.6%) and T6 (87.7 12.7%) treatment groups (Fig.  1) . Although the normal hatching rate did not vary significantly among the treatment groups (F 3.243, df 2, 6, p 0.1109), it also tended to be lower in T4 (8.7 7.5%) than in T5 (27.0 12.5%) and T6 (17.7 4.7%) treatment groups (Fig. 1) . Treatment significantly affected the number of days to hatching (F 76.41, df 2, 6, p 0.0001), and it linearly decreased from 18 days in T4 to 15 days in T5 to 12 days in T6, with increasing incubation temperatures (Fig. 2) .
Larval survival and growth
In experiment 1, larval survival rates decreased linearly for the first 10 days, and all larvae died by day 11 in the T3 group. Thereafter, in the T1 and T2 groups, survival rates stabilized and 12.3% and 5.7% of larvae metamorphosed into megalopae, respectively (Fig.  3) . Similarly, in experiment 2, survival rates decreased largely for the first 10 days, and thereafter stabilized. The final survival rate to megalopae was highest in T4 (34.6%), followed by T5 (21.0%), and lowest in T6 (9.4%).
All megalopae swam actively using their pleopods, with their rostrums in front and chelipeds extended forward, in the water column in the culture beaker. The mean s.d. length of megalopae measured for T1, T2, T4, T5, and T6 groups was 4.41 0. 
Discussion
Here, we demonstrated that coconut crab embryos could be incubated on medical gauze moistened with seawater and that hatching occurred after embryos were transferred and incubated in seawater. However, the hatching rate of embryos incubated on medical gauze was lower than that of embryos incubated continuously in seawater, and the hatching rate de- creased with increasing length of incubation period on medical gauze in experiment 1. The eggs of decapod crustaceans increase in volume during embryonic development due to both an uptake of water from the external medium and metabolic water production within the egg itself (Davis, 1968 (Davis, , 1981 Pandian, 1970; Anger et al., 2002) . Egg hatching of decapod crustaceans is initiated by the breakage of the outer membrane, followed by that of the inner membrane and emergence of the larva. It has been proposed that the outer membrane breakage is caused by the osmotic intake of water and/or enzyme secretion by the embryos (Davis, 1968 (Davis, , 1981 De Vries & Forward, 1991a) and that the inner membrane is mechanically ruptured by the emerging larva (Davis, 1968 (Davis, , 1981 . Coconut crab eggs are known to increase in volume and in osmolality during embryonic development (Shiller et al., 1991) . Coconut crabs live in a potentially desiccating environment. Therefore, ovigerous females of the coconut crab behaviorally minimize dehydration of the egg mass (Shiller et al., 1991) . They acquire seawater using their chelipeds and/or pereiopods on shore and transfer the water to their mouth or the branchial chamber. They use branchial water reserves and body fluids to maintain hydration of their eggs while grooming the egg mass with their fifth pair of pereiopods (Schiller et al., 1991) . Thus, behaviorally maintaining egg hydration is indispensable for the normal embryonic development of coconut crabs. Placing embryos on moist gauze may have been insufficient to maintain egg hydration, resulting in lower hatching rates with longer incubation periods on gauze in experiment 1. This insufficient hydration may have also caused the low hatching rate of embryos incubated on gauze for the longest period (18 days) at about 21°C in the T4 treatment group in experiment 2.
The coconut crab female releases her larvae synchronously on shore at night within several seconds (Shiller et al., 1991) . However, in our in vitro incubation experiments, embryos did not hatch synchronously, and hatching periods continued for about a week. Additionally, normal hatching rates of embryos were no more than 50%. De Vries & Forward (1991a, b) proposed a model to control the embryo hatching time in brachyuran crab species. In subtidal crabs, embryos play an important role in controlling the hatching time: a chemical cue released on the hatching of several embryos stimulates abdominal pumping by the female, resulting in the synchronous liberation of larvae into the water column. Alternatively, in intertidal and semiterrestrial crabs, females have primary control of the hatching time: females signal the embryos, in some unknown way, to release enzymes that rapidly degrade the egg Fig. 3 . Percentages of zoeae and megalopae survival per day after hatching in experiments 1 (A) and 2 (B). Decreasing (early in the experiment) and increasing (later in the experiment) lines indicate the percentages of zoeae and megalopae, respectively. See Fig. 1 for explanations of the treatment groups (T1-T6). The total number of larvae used for respective treatment groups was 154 (T1), 87 (T2), and 16 (T3) individuals in experiment 1, and 26 (T4), 81 (T5), and 53 (T6) individuals in experiment 2. membranes, and release the already partially hatched embryos synchronously by abdominal pumping. The hatching mechanism of terrestrial coconut crabs might be similar to that of semiterrestrial crabs. Shiller et al. (1991) documented that in the coconut crab, the initial hatching process of embryos, that is, degradation of the outer egg membrane, is completed on land, before the females release their larvae into the water by abdominal pumping. Thus, coconut crab females might have primary control of the hatching time. Therefore, the desynchronized and abnormal hatching of coconut crab embryos during in vitro incubation may have been caused by a lack of maternal cues, assistance, or the continuous physical stimulation from the water circulating in the incubatory flask.
In the present study, larvae hatched in artificial surroundings could survive and metamorphose into megalopae that exhibited normal swimming behavior (Hamasaki et al., 2015c) and had body sizes within the range of those previously measured for laboratory-raised megalopae from larvae that had hatched from the mother (Hamasaki et al., 2015a) . However, larval mortality was high for 10 days after hatching, and survival rates to megalopae were low compared with those of our previous study (85.6%; Hamasaki et al., 2009) in which larvae were cultured using a methodology similar to the present study. We speculate that these low survival rates may have been due to physical stress experienced by embryos or newly hatched larvae from aeration in the incubatory flask. In experiment 2, larval survival rates tended to increase with decreasing embryo incubation temperatures, but we could not statistically test the correlation between these variables because of the lack of replication.
The present study demonstrated that coconut crab embryos separated from the mother could be artificially incubated until hatching occurred. Furthermore, the duration of incubation could be regulated by controlling incubation temperatures as the embryonic developmental period until hatching decreased with increasing temperatures. At present, we recommend that detached embryos be incubated in seawater. However, normal hatching and larval survival rates are still low. Costlow & Bookhout (1960) successfully incubated and hatched embryos separated from the females of six brachyuran crab species using a mechanical shaker. Aeration into the culture medium might not be appropriate for incubating embryos. Alternative methodologies should be tested for the in vitro incubation of coconut crab embryos to further improve the success rates of rearing coconut crabs in a laboratory setting.
